Aldosterone is a major mineralocorticoid hormone that plays a key role in the regulation of electrolyte balance and blood pressure. Excess aldosterone levels can arise from dysregulation of the renin-angiotensin-aldosterone system and are implicated in the pathogenesis of hypertension and heart failure. Aldosterone synthase (cytochrome P450 11B2, CYP11B2) is the sole enzyme responsible for the production of aldosterone in humans. Blocking of aldosterone synthesis by mediating aldosterone synthase activity is thus a recently emerging pharmacological therapy for hypertension, yet a lack of structural information has limited this approach. Here, we present the crystal structures of human aldosterone synthase in complex with a substrate deoxycorticosterone and an inhibitor fadrozole. The structures reveal a hydrophobic cavity with specific features associated with corticosteroid recognition. The substrate binding mode, along with biochemical data, explains the high 11␤-hydroxylase activity of aldosterone synthase toward both gluco-and mineralocorticoid formation. The low processivity of aldosterone synthase with a high extent of intermediates release might be one of the mechanisms of controlled aldosterone production from deoxycorticosterone. Although the active site pocket is lined by identical residues between CYP11B isoforms, most of the divergent residues that confer additional 18-oxidase activity of aldosterone synthase are located in the I-helix (vicinity of the O 2 activation path) and loops around the H-helix (affecting an egress channel closure required for retaining intermediates in the active site). This intrinsic flexibility is also reflected in isoform-selective inhibitor binding. Fadrozole binds to aldosterone synthase in the R-configuration, using part of the active site cavity pointing toward the egress channel. The structural organization of aldosterone synthase provides critical insights into the molecular mechanism of catalysis and enables rational design of more specific antihypertensive agents. (Molecular Endocrinology 27: 315-324, 2013) H ypertension affects about 25% of adults around the world and is estimated to lead to over 7 million deaths each year (1). It is possible to prevent the development of hypertension by lifestyle changes, and there are numerous effective antihypertensive drugs and their combinations available for patients. The current generally accepted therapy includes drugs targeting proteins of the renin-angiotensin-aldosterone system (2, 3). Nonetheless, hypertension remains inadequately controlled in many patients due to so-called resistant hypertension, one of the causes of which is primary aldosteronism. The developing approach in cardiovascular pathophysiology induced by aldosterone is to suppress its synthesis (i.e. via inhibition of CYP11B2) (4 -7). This strategy prevents the nongenomic actions of aldosterone that are not antagonized by mineralocorticoid receptor blockade. However, the development of selective and potent CYP11B2 inhibitors is challenging due to high homology to the CYP11B1
H ypertension affects about 25% of adults around the world and is estimated to lead to over 7 million deaths each year (1) . It is possible to prevent the development of hypertension by lifestyle changes, and there are numerous effective antihypertensive drugs and their combinations available for patients. The current generally accepted therapy includes drugs targeting proteins of the renin-angiotensin-aldosterone system (2, 3) . Nonetheless, hypertension remains inadequately controlled in many patients due to so-called resistant hypertension, one of the causes of which is primary aldosteronism. The developing approach in cardiovascular pathophysiology induced by aldosterone is to suppress its synthesis (i.e. via inhibition of CYP11B2) (4 -7) . This strategy prevents the nongenomic actions of aldosterone that are not antagonized by mineralocorticoid receptor blockade. However, the development of selective and potent CYP11B2 inhibitors is challenging due to high homology to the CYP11B1 isoform and other steroidogenic enzymes, especially in the absence of structural information.
The CYP11B2 enzyme is expressed in the zona glomerulosa of the adrenal cortex, where it catalyzes the 11␤-hydroxylation of deoxycorticosterone (DOC) to corticosterone (B), followed by 18-hydroxylation to produce 18-hydroxycorticosterone (18OH-B) with further 18-oxidation of the latter to aldosterone. Impaired corticosterone methyloxidase (CMO or CYP11B2) activity in the conversion of B (type 1) or 18OH-B (type 2) causes respective aldosterone deficiencies (8 -12) . Aldosterone synthesis is regulated by angiotensin II and potassium levels, as well as ACTH, in an acute or chronic manner (13) . CYP11B2 and CYP11B1 genes are tandemly arranged on chromosome 8 (14) with very little sequence divergence (93% amino acid sequence identity) presumably owing to a gene duplication event during evolution (15) . Despite high identity, the two proteins differ in terms of their expression patterns within the adrenal cortex, and their regulation and substrate specificities, which accounts for the zone-specific synthesis of gluco-and mineralocorticoids by CYP11B1 and CYP11B2, respectively (Supplemental Fig. 1 , published on The Endocrine Society's Journals Online web site at http://mend.endojournals.org) (16) . This functional diversification and specialization is not well understood at the molecular level. In this study, we compared functional properties of purified human CYP11B enzymes and determined structures of CYP11B2 in complex with DOC and fadrozole to delineate a molecular basis for the isoform specificity and selective inhibition.
Materials and Methods

Protein purification and crystallization
Human CYP11B1 and CYP11B2 cDNAs were purchased from OriGene (accession nos. NM_000497 and NM_000498, respectively; OriGene, Rockville, MD) and cloned into a pCW-LIC vector. The mature forms of CYP11B proteins (without the mitochondrial targeting peptide and with N-terminal tag MAK-KTSS added to the 30th residue of CYP11B2 and 26th residue of CYP11B1 and both with C-terminal His 6 -tag) were coexpressed with GroEL/ES in Escherichia coli JM109 (17, 18) . Expression was induced by the addition of 0.5 mM isopropyl-1-thio-Dgalactopyranoside, 4 mg/ml arabinose, and 0.5 mM ␦-aminolevulinic acid, and the culture was incubated another 48 h at 26 C. Harvested cells were resuspended in 50 mM potassium phosphate buffer (pH 7.4), containing 500 mM NaCl and 20% glycerol. The cells were lysed by passing through an EmulsiFlex-C5 homogenizer (Avestin, Ottawa, Ontario, Canada) and solubilized with 1.5% sodium cholate. The supernatant after centrifugation was loaded onto a 5-ml NiHiTrap chelating column (GE Healthcare, Princeton, NJ). The column was washed with 10 column volumes of 50 mM potassium phosphate buffer (pH 7.4) containing 500 mM NaCl, 0.5% sodium cholate, 20% glycerol, and 25 mM imidazole, and the protein was eluted with the same buffer containing 250 mM imidazole. The protein was further purified to homogeneity by cation-exchange chromatography on a 5ml SourceS column (GE Healthcare) and eluted with 50 mM potassium phosphate buffer (pH 7.4) containing 500 mM NaCl, 0.5% CHAPS (3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate), 20% glycerol. For crystallography, 50 M DOC or 50 M fadrozole was added to all buffers. Human CYP17A1, CYP19A1, CYP21A2, adrenodoxin (Adx), Adx reductase, and rat NADPH-cytochrome P450 reductase were purified as described (19, 20) . Purified CYP11B2 protein (14 mg/ml) was crystallized using the hanging drop vapor diffusion method. The reservoir solution contained 10% PEG 4000, 0.2 M lithium sulfate, and 0.1 M Tris (pH 8.5). Crystals were soaked in the corresponding mother liquor supplemented with 20% glycerol as cryoprotectant before freezing in liquid nitrogen.
Structure determination and refinement
Datasets were processed using the program HKL2000 (21) ; statistics are shown in Table 2 . The structure was solved by the molecular replacement method using Molrep in the CCP4 program suit (22) using human CYP11A1 (PDB, 3N9Y) as a search model. Model building was performed using O (23), simulated annealing using XPLOR (24) , and restrained refinement using Refmac5 in the CCP4 suite. CYP11B2 crystals contain 12 protein molecules in the asymmetric unit.
Sterol binding spectral determinations
Ligand-induced spectral changes were monitored as a shift of the heme Soret peak: type I (blue shift from 418 nm, this ligand binding induces displacement of water as a sixth ligand) or type II (shift to 425 nm, ligand binding through direct coordination of the heme iron by a nitrogen atom). The apparent dissociation constant of the enzyme-sterol or inhibitor complex (K d ) was determined by differential spectral titration as described (25) . The binding of sterols or inhibitor to human CYP11B1 or CYP11B2 was performed in 20 mM HEPES buffer (pH 7.2), 0.1 mM EDTA, and 50 mM NaCl at room temperature, with a final P450 concentration 0.2 M, the path length was 5.0 cm, the tight binding equation was used for calculations.
Enzyme activity and K i(app) assays
Activity was measured in a reconstituted system: buffer [25 mM HEPES (pH 7.2), 0.1 mM dithiothreitol, 0.1 mM EDTA, and 4 mM MgCl 2 ], electron transfer chain, either CYP11B1 or CYP11B2 (0.25 M), human Adx (2 M), human Adx reductase (0.5 M), and NADPH regenerating system (glucose-6-phosphate, glucose-6-phosphate dehydrogenase) at 37 C. Activity of aromatase was measured with androstenedione as substrate in the reconstituted system containing human CYP19A1 (0.5 M) and rat NADPH-cytochrome P450 reductase (1 M). Steroids were added from stock solutions in ethanol to a final concentration of 100 M. For K i(app) determinations, inhibitor concentration was 0 -1.5 M, cytochrome P450 concentration was 20 nM. Steroids were extracted with methylene chloride and analyzed by reverse-phase HPLC with methanol/water as a mobile phase.
LC-MS analysis
Steroids were further analyzed by LC-MS (LCQ Fleet Ion Trap Mass Spectrometer coupled to an Accela HPLC system; Thermo Scientific, Rockford, IL). Chromatography was performed by gradient elution on a Cosmosil 5C18-MS-II column (4.6 ϫ 150 mm; Nacalai Tesque, Inc., San Diego, CA). The mobile phase consisted of water (solvent A) and methanol (solvent B). Mass spectrometry experiments were performed with atmospheric pressure chemical ionization (APCI) at positive ion mode.
Results
Evaluation of functional properties of CYP11B enzymes at protein level
It is well known that human CYP11B1 is an 11␤-hydroxylase with minimal 18-hydroxylase activity, whereas CYP11B2 performs both 11-and 18-hydroxylase and also 18-oxidase activities and therefore assigned as aldosterone synthase (26 -28) . However, little is known about the processivity of the CYP11B2 (i.e. the extent of release of intermediate products) and whether the intermediates can be converted to the final product. On the other hand, information about the ability of CYP11B1 to acquire 18-oxidase activity in vitro without modification at the protein level is currently unavailable. Because human CYP11B1 and CYP11B2 mature proteins differ in only 29 of 479 residues, we reasoned that we might be able to understand their different catalytic properties by measuring their activities side by side in reconstituted systems with substrate/intermediate steroids that both isoforms could use in vivo. The results are summarized in Table 1 . Both enzymes worked as efficient 11␤-hydroxylases with DOC and 11-deoxycortisol, but CYP11B2 activity was comparably lower (37.6 and 15.8 vs. 80.8 and 96.8 min Ϫ1 for CYP11B1, respectively) ( Fig. 1) . Moreover, CYP11B2 showed low processivity in aldosterone formation because B and 18OH-B intermediates were detected. Fueling the system with electrons by increasing Adx concentration does not change the product CYP11B2 profile (Fig. 2 ). In the case of CYP11B1, additional products were formed when low substrate concentration and an excess of Adx were used ( Fig. 2) , although a significant decrease of 11␤-hydroxylase activity was observed (Fig.  3) . Regardless of the conditions used for CYP11B1, aldosterone was not detected (Fig. 2) , which confirms the inability of this enzyme to perform 18-oxidation.
To separate 11␤-hydroxylase and 18-hydroxylase activities, C11-hydroxylated (B and cortisol) and C18-hydroxylated (18OH-DOC) steroids were used as substrates for both isoforms ( Table 1) . As expected, CYP11B1 is a weak 18-hydroxylase and cannot metabolize 18OH-DOC (Table 1 and Fig. 1) . Notably, 18-hydroxylase/oxidase activity of CYP11B2 was also weak when one hydroxylation (either at C11 or C18) was preperformed, indicating subtle differences between CYP11B isoforms as 18-hydroxylases. Because CYP11B1 is unable to perform 18-oxidation and no conversion of 18OH-B to aldosterone was very recently shown for CYP11B2 (29) , this finding suggests that aldosterone is formed from DOC without dissociation of intermediates from the CYP11B2 active site.
To further explore substrate specificity of CYP11B isoforms, alternative steroids were tested as substrates (Table 1). Both isoforms are specific to the A-ring configuration of steroids, i.e. they cannot metabolize ⌬
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-steroids with a OH-group at the C3 position, thus preventing direct metabolism of the CYP11A1 product in mitochondria. The ability of both isoforms to metabolize androgens indicates that their specificities are not absolutely strict and that the produced intermediates may have physiological and pathological implications (30, 31) .
Structural aspects of substrate binding
To gain insight into the structural basis of substrate recognition, we determined the structure of CYP11B2 in complex with DOC (Table 2) . Aldosterone synthase has a typical cytochrome P450 fold around the heme prosthetic group with common positioning of AЈ and GЈ helices (part of the access channel) for membrane interaction and specific for mitochondrial P450 orientation of the BЈ helix (active site) (Fig. 4A) (19, 32) . The structure shows that the active site cavity is lined by nonpolar and aromatic residues favorable for binding steroid substrate. The C21-hydroxyl group of DOC makes a hydrogen bond with the main-chain carbonyl of F381. On the other end of DOC, the 3-keto group projects along the I-helix axis but is not involved in direct contact with protein; the closest group for potential hydrogen bond formation is guanidine of R120, which reflects in strict substrate specificity of CYP11B2 to 3-keto-⌬ 4 steroids ( Table 1) . A conserved structural link between the I-helix and B-C loop is realized through hydrogen bonding between E310 and the F130 amide nitrogen and borders the active site cavity from this site. The side chains of W116, F130, and F487 ensure the steroid binding geometry from the ␣-face (Fig. 4B) . DOC is bound at an angle of approximately 60°with respect to the porphyrin plane (Fig. 4C) from the iron is closest for C19 (4Å) (Fig. 4D) . In fact, the distance is the same as in aromatase (CYP19A1) in complex with androstenedione (33). This is not very surprising, because these two proteins catalyze sequential hydroxylations of the steroid angular methyl group, CYP19A1 at C19 and CYP11B2 at C18. However, in the case of CYP11B2, an initial 11␤-hydroxylation must be performed, as confirmed by the product profile (Fig. 2) . When superimposed, the DOC position in the CYP11B2 structure, compared with AD in CYP19A1, is shifted toward the I-helix with the steroid A/B ring junction slightly kinked to avoid steric clash with the I-helix. As a result, Mol Endocrinol, February 2013, 27(2):315-324 mend.endojournals.orgthe C19-methyl group is placed close to the G314 main chain carbonyl and is not in a favorable geometry for hydroxylation by the iron-bound ferryl species, consistent with recent data showing only trace amounts of C19-hydroxylated product (29) . Thus, the enzyme hydroxylates DOC at the kinetically favored C11 position first, as the secondary carbon radical is more stable than a primary radical at C19, assuming that the reaction proceeds via carbon radical intermediates and an "oxygen rebound" mechanism. Consistent with the product profile, 18OH-DOC is also formed because of C18-methyl group proximity, as the distance from the heme iron to C18 and C11 is 4.9 and 4.2 Å, respectively.
Fadrozole as a probe to identify protein-inhibitor interactions
As the sole producer of aldosterone, CYP11B2 is a novel therapeutic target for antihypertensive agents. Thus, to explore the structural requirements for aldosterone suppression via CYP11B2 inhibition, we used nonsteroid molecule and solved the structure of CYP11B2 in complex with fadrozole ( Fig. 5A and Table 2 ). Fadrozole was initially developed as an aromatase (CYP19A1) inhibitor and used as a drug to treat breast cancer (34) . The R-enantiomer of fadrozole (FAD286) was later discovered to be a potent aldosterone synthase inhibitor (35) but was also found to inhibit CYP11B1 (36, 37) . The addition of fadrozole to CYP11B2 induced characteristic type II spectral changes in the Soret region, which indicates the displacement of a water ligand and the direct coordination of heme iron by the nitrogen atom of fadrozole (Fig. 5B) . According to the spectral data, fadrozole binds with high affinity to CYP11B2 (K d 370 nM) but with even higher affinity to CYP11B1 (K d 9 nM) and to CYP19A1 (K d 16 nM) (Table 3) . Notably, fadrozole also bound tightly to CYP17A1 (K d 162 nM), but no binding was observed for CYP21A2. These data are consistent with the steroid regiospecificity of these P450s. The apparent inhibition constant K i(app) values for fadrozole are 14.8 and 354 nM for CYP11B1 and CYP11B2, respectively, and 45 nM for CYP19A1 (Table 3 ). In the CYP11B2 active site, fadrozole binds using most of the residues for DOC binding (Fig. 5B) . The imidazopyridine moiety of fadrozole makes van der Waals contacts with F130, F487, I488, and the methyl group of T318. The benzonitrile ring of fadrozole is enclosed by W116, F231, W260, A313, and E310, whereas the nitrile group is involved in -interactions 
with W260 but not close enough to make a hydrogen bond with R120. The bound fadrozole configuration corresponds to the R-enantiomer, which fits perfectly into the density. Its binding mode toward the egress channel, where isoform-specific differences appear to provide flexibility, is in good agreement with the binding characteristics for CYP11B2.
Discussion
Our data indicate that both human CYP11B isoforms can be defined as 11␤-and 18-hydroxylases, which is consistent with their high sequence similarity and previously published data. The differences between two isoforms are in several amino acid substitutions, which define the ability of only one isoform, CYP11B2, to further catalyze C18-oxidation reaction, thus enabling the conversion of DOC in three successive reactions to aldosterone, although with low yield. It is well known that CYP11B genes are regulated differently (16); however, it was not previously confirmed that the amount of aldosterone produced is low due to low processivity of the CYP11B2 enzyme. The catalytic properties of purified CYP11B1 and CYP11B2 (high 11␤-and low 18-hydroxylase activities for both enzymes and low 18-oxidase activity specific to CYP11B2) could explain the many-fold higher physiological concentration of cortisol and corticosterone than aldosterone in serum and tissues (16, 38) . The catalytic efficiency of CYP11B2 does not exclude the existence of physiological effectors of 18-hydroxylase and/or 18-oxidase activity as suggested earlier (39 -42) but as yet unidentified. It might be similar as observed for CYP17A1, where its lyase activity is regulated by cytochrome b5 (43, 44) . Notably, there is no current model explaining the requirement of one or more CYP11B isoforms in different species, which would obviously also require a systematic analysis of the enzymes' expression patterns and final products of steroidogenic pathways in different taxonomic groups. In the case of the human enzymes, our results suggest that both CYP11B isoforms could also be involved in the androgen metabolic pathway (30, 31) , and this aspect of their function needs further examination.
Mapping amino acid differences between CYP11B2 and CYP11B1 to the structure shows that nonidentical residues are located outside of the active site, and neither residue is interacting with substrate and inhibitor (Fig. 6) . Studies of the chimeric enzymes, encoded by genes with CYP11B1 sequence at 5Ј and CYP11B2 sequence at 3Ј end and found in patients with glucocorticoid-remediable aldosteronism (GRA) (45, 46) , have led to the conclusion that residues encoded by exon 5 and downstream exons of CYP11B2 are critical for aldosterone production. Follow-up studies have narrowed down to 10 amino acids located between positions 248 and 339 and proposed the requirement of G288, L301, E302, and A320 for 18-hydroxylation/oxidation (47) (48) (49) . These isoform-specific residues are clustered around the H-helix (G/S288) and in the I-helix (L/ P301, E/D302, and A/V320) in CYP11B2 structure (Fig.  6 ). Our structures provide insights into how additional 18-oxygenation can be achieved. The different hydroxylation status of CYP11B products suggests different retention times of the substrate/intermediates in the active site, perhaps due to relatively increased intrinsic flexibility of one of the isoforms. Two channels connect the CYP11B2 active site to the surface (Figs. 4E and 6 ). One channel is well defined between strand ␤1-4 and helices AЈ, GЈ, and BЈ and likely serves as a substrate access channel, similarly to CYP11A1 and CYP21A2 (19, 50) . A second channel is found between helices G, I, and B-C loop, although too narrow for steroid product egress without forced opening. This channel extends toward the N terminus of I-helix. CYP11B2-specific residues may provide conformational flexibility, which affects the dissociation rates of hydroxylated intermediates. The opening of the egress channel may be critical in the functioning of CYP11B enzymes: it allows for product exit after the first hydroxylation step in CYP11B1 (i.e. CYP11B1-like constitutive channel opening) but remains closed to en- Mol Endocrinol, February 2013, 27(2):315-324 mend.endojournals.orgsure efficient 18-oxidation due to enhanced protein dynamics in CYP11B2 (i.e. CYP11B2-like inducible channel opening). This idea is consistent with the role of the Hhelix region as a hinge that participates in opening and closing the F-G helix region over the active site in other cytochrome P450s (51, 52) . Alternatively, A320 (V320 in CYP11B1), which is located near the proton transfer path required for O 2 activation, could be crucial for the methyloxidase reaction (53) and as well for 11␤-hydroxylation efficiency. In CYP11A1 and in CYP19A1 structures (PDB: 3N9Y and 3EQM, respectively), a serine residue occupies the respective position, where it provides a hydrogen bond to the residue on an adjacent I-helical turn. The network around conserved acidic-alcohol pair mediating proton delivery to heme-bound dioxygen might be essential in P450s performing multistep catalysis. Notably, other isoform-specific residues are more similar between CYP11A1 and CYP11B2 than within the CYP11B subfamily (Supplemental Fig. 2 ). More likely, the aforementioned factors collectively contribute to 18-oxidase activity of CYP11B2. The possibility of induced conformational changes in CYP11B2 (by mitochondrial component/s), which may stimulate aldosterone formation, remains to be demonstrated but is plausible.
The obtained structural information allows rationalizing the effect of mutations in CYP11B2 leading to aldosterone deficiencies. The majority of these mutations are distant from the active site but important for structural integrity, substrate binding, or interaction with the redoxpartner (Supplemental Table 1 ). The molecular basis for the enzyme's specificity can be used for isoform-specific type I inhibitor development in hypertension treatment. Efficient inhibitors of this class were synthesized previously (54) , and this direction can further be explored based on the CYP11B2 substrate-bound structure. On the other hand, the fadrozole-bound structure shows that small inhibitor binding does not induce conformational changes, and the unoccupied space within a portion of the access channel can be exploited to achieve greater isoform specificity of type II inhibitors (Figs. 5B and 6 ). New structures also provide a basis for rational design of dual selective inhibitors of CYP19A1 and CYP11B2 (55) The apparent dissociation constant K d was determined by differential spectral titration using low-spin P450s. NM, Not measured; ND, not detected.
